Proceedings of the Iowa Academy of Science
Volume 81

Number

Article 11

1974

Spore Cleavage and the Development of Wall Ornamentation in
Two Myxomycetes
Henry C. Aldrich
University of Florida

Let us know how access to this document benefits you
Copyright ©1974 Iowa Academy of Science, Inc.
Follow this and additional works at: https://scholarworks.uni.edu/pias

Recommended Citation
Aldrich, Henry C. (1974) "Spore Cleavage and the Development of Wall Ornamentation in Two
Myxomycetes," Proceedings of the Iowa Academy of Science, 81(1), 28-36.
Available at: https://scholarworks.uni.edu/pias/vol81/iss1/11

This Research is brought to you for free and open access by the Iowa Academy of Science at UNI ScholarWorks. It
has been accepted for inclusion in Proceedings of the Iowa Academy of Science by an authorized editor of UNI
ScholarWorks. For more information, please contact scholarworks@uni.edu.

Aldrich: Spore Cleavage and the Development of Wall Ornamentation in Two M
28

Spore Cleavage and the Development of Wall Ornamentation in Two Myxomycetes
HENRY C. ALDRICH 1

ALDRICH, HENRY C. (Departments of Botany and Microbiology,
University of Florida, Gainesville, Florida 32611. Spore Cleavage
and the Development of Wall Ornamentation in Two Myxomycetes.
Proc. Iowa Acad. Sci. 81( 1): 28-35, 1974.
Processes of spore cleavage, spine deposition, and continuous wall
formation have been followed in Didymium iridis and Physarum
f lavicomum, using electron microscopy combined with cytochemistry. The periodic acid silver hexamine (PASH) technique for
demonstration of polysaccharide at the ultrastructural level has
been employed. Developing sporangia were fixed at 30 min. intervals. Six hours after plasmodia form noticeable blebs on the agar,
the surface membrane begins to invaginate and cleaves out spores.

Flattened cytoplasmic vesicles originating from dictyosomes contribute membrane to the cleavage furrows as they grow centripetally. As soon as the spores have been cleaved, spine formation
begins. Spines are deposited in regions where membranes of adjacent protospores touch. Small vesicles containing polysaccharide
are formed at the Golgi apparatus and move to the cell surface,
fusing with the membrane. Material thus secreted forms the spines.
After the spines have been laid down, the continuous wall layers
are formed underneath. The continuous layers stain only weakly
for polysaccharide, while the spines stain strongly.
INDEX DESCRIPTORS: Spore Cleavage in Two Myxomycetes, Myxomycetes, Spore Cleavage, Spore Wall Ornamentation.

The literature on the method of formation and chemical
composition of myxomycete spores shows confusion on several points. Light microscope developmental studies describe
spore cleavage as following capillitium formation and beginning at the columella, the capillitial threads, or the sporangium periphery (for references, see Gray and Alexopoulos,
1968). Ultrastructural accounts of spore cleavage in myxomycetes are limited to those of Schuster ( 1964) and Mims
( 1972a,b). Although vague in some of the details, Schuster
shows that in Didymium nigripes cleavage furrows form by
the fusion of small membrane-bounded vesicles and that the
spines form first, before the rest of the wall. He states that
capillitium forms at about the time the spores are delimited.
Mims ( 1972a) showed that in Stemonitis virginiensis the
spores are cleaved by fusion of vesicles aligned in planar
fashion. The same author (Mims, 1972b) demonstrated
that in Arcyria cinerea some patches of wall projections form
where the spores were last in contact after cleavage, and
that spines torm after this by an undetermined mechanism.
Cisternae of endoplasmic reticulum were seen under the
plasmalemma in areas where the early patches of projections
form.
Light microscope cytochemistry of spore walls can be
charitably described as inconclusive. Using I~KI-H~S0 4 as a
test for cellulose and I~KI-CaCl~ as a test for chitin, Schuster
( 1964) concludes that the inner spore wall is cellulose and
that the outer wall may be chitin. The outer spore wall was
stained positively by the periodic acid-Schiff's (PAS) reaction. Goodwin ( 1961), working on three species of Comatricha, used the same test that Schuster did for cellulose and
also the zinc chlor-iodide reaction for the same compound.
She applied the test for chitin described by Fuller and Bar-

shad ( 1960), which consists of radical KOH hydrolysis followed by 12 KI staining. She concluded that cellulose is present in the spore walls and felt that her chitin results were
negative or inconclusive.
The two studies using biochemical techniques are in disagreement. Nields ( 1968) claims that the spore walls of
Physarum polycephalum contain an unspecified amount of
chitin, 23.5% protein, 16.4% carbohydrate, and 10.7% hexosamine. No details of the techniques employed are given in
this abstract. More reliable data appear to be those of McCormick, Blomquist, and Rusch ( 1970) on spores of the
same species. Using a relatively mild isolation procedure, they
employ an impressive array of methods to analyze clean,
isolated walls. The walls are insensitive to degradation by a
wide variety of enzymes, including cellulase and chitinase.
The cnly carbohydrate found was a polymer of galactosamine. This accounted for 81% of the dry weight of the wall,
the balance being melanin ( 15.4%) and small amounts of
phosphate and amino acids. No acetyl groups were present.
The present paper gives results of ultrastructural studies
of spore cleavage and development of wall ornamentation in
Didymium iridis and Physarum flavicomum, both members of
the order Physarales. The processes are virtually identical in
these two species. Thin sections of Didymium iridis will be
presented, and freeze-etch material from a study of Physarum
f lavicomum will be utilized.

MATERIALS AND METHODS

The isolate of Physarum flavicomum used in this study
was the same as that used in the author's 1967 paper (Ald-

Figures 1-4. Freeze-etch preparations of P. flavicomum. Figure 1 shows cleavage furrow (cf) being formed as plasma membrane
( m) invaginates. Periphery of sporangium is at top of picture. X 11.300. Marker in each case is 1 micrometer unless otherwise stated.
Figure 2 depicts a more advanced furrow (cf) which has invaginated from plasma membrane shown vertically at right and bifurcated
(arrows). X 16,200. In Figure 3, the cleavage furrow (cf) has nearly cut off protospores. X 11,300. Figure 4 shows a protoplasmic
mass completely cut off except for neck at top left. X 14,400.

1 Departments of Botany and Microbiology, University of
Florida, Gainesville, Florida 32611.
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rich, 1967). Sporangia of the Philippine-I isolate of Didymium iridis were obtained from Dr. 0. R. Collins, Department of Botany, University of California, Berkeley. Mass
spore cultures of each species were established and plasmodia maintained on oatmeal agar in the presence of E. coli.
Fruiting was induced by transferring plasmodia to plain agar
and allowing them to migrate in the dark for three days.
Plates were then placed under fluorescent illumination, and
fruiting structures were first observed and fixations begun
12 hours after onset of illumination. Fixations were made
every 30 minutes over a 32-hour period for Didymium iridis, and at the same intervals over a six-hour period for Physarum flavicomum. D. iridis sporangia were fixed in a mixture of 2% (v/v) glutaraldehyde and 2% (w/v) paraformaldehyde for 30 min. at room temperature and secondarily in 2%
(w/v) Os0 4 for 1 hr. at room temperature. Both fixatives
were buffered with 0.025 M cacodylate at pH 7.2. Specimens were dehydrated in an alcohol series, passed through
acetone, and embedded in Epon-Araldite. Sections were cut
with a diamond knife on a Sorvall MT-2 ultramicrotome, and
post-stained with uranyl acetate and lead citrate. Light microscopy was routinely performed on 1 micrometer sections
stained with 0.1~ (w/v) crystal violet, using a Zeiss WL
microscope equipped with phase contrast optics. Sporangia
of Physarum flavicomum were fixed for 30 min. in 2.5%
(v/v) cacodylate-buffered glutaraldehyde (pH 7.4) at room
temperature and then soaked overnight in 30% (v/v) glycerol. They were then frozen in liquid Freon-22 and freezeetched in a Balzers BA 360M freeze-etch device, using standard techniques (Moor and Miihlethaler, 1963).
The periodic acid-silver hexamine (PASH) stain for polysaccharide was performed on ultrathin sections essentially
as recommended by Pickett-Heaps ( 1967). Light gold sections were cut, picked up in polyethylene rings, and oxidized
in 1% (w/v) periodic acid for 10 min. at room temperature.
After washing, sections were stained at 60°C for 20 to 30
min. with silver hexamine reagent (Martino and Zamboni,
1967) and then treated with 1% (w/v) Kodak fixer for 5 to
15 min. to remove non-specific staining. Sections were then
picked up on Formvar-coated grids and stained for 1 min.
with lead citrate or viewed without post-staining. A finegrained silver deposit was obtained over polysaccharidecontaining regions.
RESULTS

The process of spore cleavage is illustrated for Physarum
flavicomum in the freeze-etch preparations depicted in Figures 1-4. In Figure 1, a cleavage furrow is forming by invagination of the plasmalemma which surrounds the entire
protoplasmic mass at the top of the stalk. Figure 2 illustrates
a slightly more advanced furrow which has bifurcated. Numerous vesicles seen in the cytoplasm are likely sources of

81 ( 1974)

n~w membran~ for the extending furrow. In Figure 3, a

slightly more advanced stage, the partially cleaved protoplasmic ~ass.es have begun to round up. Figure 4 depicts a
spore w?ich is completely cleaved except for one cytoplasmic
connection.
Figures 5-9 show similar stages from Didymium iridis
viewed in thin section. Figure 5 is a light micrograph of a
p~rtly cleaved sp?rangium. In the electron micrograph of
Fi~r.e 6, the penpher~ of the sporangium is covered by a
pendmm and dark spme precursor material can be discerned in the furrows. The end of an extending cleavage
furrow can be seen in Figure 7. Flattened lamellae which I
believe to be dictyosomes can be seen nearby, and these
la1?ellae seem to be the origin of vesicles which are fusing
with the membranes delimiting the cleavage furrow. Spine
precursor material is again visible in the adjacent cleavage
furrow. Examination of Figure 8 reveals that this dark spine
precursor material is deposited preferentially in regions of
the cleavage furrow where the membranes of adjacent protoplasts are closest. Staining with PASH to demonstrate polysaccharide (Figure 9) shows that the electron-dense material
of Figure 8 is polysaccharide. The cytoplasmic glycogen particles stain heavily with this technique, while ribosomes are
unaffected. Numerous round cytoplasmic vesicles, shown in
other micro graphs (not included here) to be of dictyosome
origin, are PASH-positive and can frequently be seen near
this newly deposited spine material.
Figure 10, a view of freeze-etched spores of P. flavicomum
at a stage similar to that shown in Figures 8 and 9, reveals
that the spore membrane is marked by numerous small, regular convolutions. These protrusions are the equivalent of the
closely appressed membrane areas of Figure 8. Comparison
with Figure 11, a freeze-etched mature spore, confirms that
the membrane protrusions of Figure 10 are similar in size
and spacing to the spines on the mature spore. Also, the
continuous, underlying portion of the spore wall can in Figure 1 be seen tri consist of a random network of microfibrils. Spores on which spine deposition has been completed
(Figures 12 and 14) show no such membrane protrusions.
At the same time that the spines are being deposited, a
striking cytoplasmic organelle is observed (Figures 14-16),
namely several bands of closely packed 250 A microtubules
encircling the cell under the plasmalemma. This band persists until the meiotic spindle forms 12 hours later (Aldrich,
1970).
After the spines have formed, a continuous wall layer
forms underneath (Figure 17). While the lamellae making
up this continuous wall layer are forming, the peripheral
spore cytoplasm contains many flattened cisternae which appear to be loosely organized dictyosomes (Figure 17). Numerous round vesicles are observed underneath the plasmalemma, and the plasmalemma is often convoluted (Figure
17) as if such vesicles had recently fused with it. The continuous layer is also electron-dense and PASH-positive, but

Figures 5-9. Thin sectioned sporangia of D. iridis. Figure 5 is a light micrograph of a partially cleaved sporangium. Marker equals
100 micrometers. X 100. Figure 6, an electron micograph, illustrates several autophagic vacuoles (av), typically seen in the cytoplasm
at this stage. The cleavage furrow (cf) extends inward from the peridium ( p) and already contains electron-dense spine material. X
5,000. Figure 7 shows the end of a growing cleavage furrow (arrows). Small cytoplasmic vesicles appear to be fusing with the furrow
near mitochondrion ( m) at right. Furrow at upper left contains spine material. av-autophagic vacuole. X 14,400. Figure 8, a collage
of three micro graphs, illustrates a length of cleavage furrow (cf) extending from the plasmalcmma (pl.). Dense spine material is seen
in regions where membranes of the furrow are closest (arrows). X 45,600. Figure 9. PASH-stained preparation. Dark areas are silver
which indicates presence of polysacchari<le. PASH-positive material includes glycogen ( g) in the cytoplasm, spine material ( s), and
nearby cytoplasmic vesicles ( v). cf-cleavage furrow. Ribosomes ( r) have no silver over them. X 68,000.
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considerably less so than the spines (Figures 19, 20, 21). In
grazing section (Figure 18), the continuous wall layer appears as a network of randomly oriented fibrils, just as it did
in freeze-etched preparations (Figure 11). In contrast, the
spine material appears amorphous (Figure 21), and it is
considerably more PASH-positive than the underlying continuous wall (Figure 20).
DISCUSSION

Schuster ( 1964) has shown that the spore of Didymium
nigripes has a PAS-positive outer layer when studied with
the light microscope. My study has carried this procedure to
the electron microscope level and indicates that the spines
are composed of somewhat different material than the underlying continuous wall. This apparent difference may be
more physical than chemical; that is, the spines could be
composed of the same polysaccharides as the walls and
simply cross-linked differently. In addition, the component
of the continuous wall which stains with lead citrate becomes
less electron-dense as it is deposited. The basis for the affinity of the lead citrate stain for the wall polysaccharide is unknown, however. In Figure 21, the PASH-positive material
appears to be restricted to the outer portion of the wall.
This does not necessarily mean that there is no polysaccharide in the inner portion of the wall, for some polysaccharides
(cellulose, for example) are insufficiently oxidized by periodic acid to be stained in the subsequent steps. This does
not imply that the inner component is cellulosic, only that
it is ordered in such a way that it resists periodate attack.
The polysaccharide most likely to be present is a galactosamine polymer, based on the findings of McCormick et al.
( 1970) for Physarum polycephalum, but this point needs to
be confirmed for D. iridis with biochemical analysis. I am
much more inclined to accept the biochemical evidence than
the light microscope cytochemistry indicating the presence of
cellulose and chitin (Goodwin, 1961; Schuster, 1964). No
one really knows what these reactions are staining; they are
notoriously unreliable with pigmented walls and their chemical base5 poorly understood. Jensen ( 1962), referring to
the cellulose tests, says, "Both of these tests offer only an approximation of cellulose localization." A galactosamine polymer is a rare phenomenon, as McCormick et al. (1970) point
out. There is no reason to believe that the so-called cellulose
stains have been tried on material known to be composed of
such a polymer, and it is difficult to predict the results if
they were.
Spore cleavage in D. iridis seems to proceed by a process
best described as progressive cleavage. I must point out
here the incorrectness of a picture of mine used by Gray and
Alexopoulos ( 1968) as Figure 58A, page 206. That particular picture, from a study of Physarum flavicomum, gives the
impression that vesicles line up along the cleavage planes
and then fuse to produce the cleavage furrows. That prepara-

tion was fixed in Os0 4 alone. I have never been able to
duplicate this result for Physarum flavicomum or D. iridis
using aldehyde fixatives or freeze-etching techniques. A paper on annulate lamellae in animal cells by Kessel ( 1969)
sheds light on this problem. He reports that annulate lamellae, sheets of paired, parallel membranes, break up into rows
of vesicles when fixed with Os0 4 alone, while they remain
as continuous sheets when fixed in glutaraldehyde. Consequently, I now believe that the figure in Gray and Alexopoulos ( 1968) reflects a similarly fixation-damaged, recently
cleaved sporangium that is an artifact. The real process in
Didymium iridis appears to occur in truly progressive fashion, with the cleavage furrows growing at their ends by addition of membrane from small cytoplasmic vesicles of dictyosome origin. Similar cleavage phenomena are found in the
process of phragmoplast formation in higher plants (Clowes
and Juniper, 1968) and spore cleavage in fungi (e.g., Gilbertella, Bracker, 1968). Mims' (1972a) demonstration of
rows of unfused vesicles in cleaving Stemonitis sporangia
fixed in glutaraldehyde may indicate a basic difference in
the process in that organism. Schuster ( 1964), however,
shows vesicles in D. nigripes aligned at cleavage. The sequential KMn 4 -0s0 4 fixation technique that he used may
account for his observation of this phenomenon, assuming
that this fixative combination has the same effect that Os0 4
evidently does.
The involvement of vesicles in the actual process of wall
deposition is similar to the role demonstrated for such vesicles in fungal hyphal tips (Grove and Bracker, 1970; Heath,
Gay, and Greenwood, 1971), in bryophyte spores (Horner,
Lersten, and Bowen, 1966), and in pollen tube growth
(VanDerWoude, Morre, and Bracker, 1971), among other
places. The method by which spine placement is evidently
determined in Didiymium is similar to the way in which the
early patches of wall ornamentation are deposited in Arcyria
(Mims, 1972b). Deposition of spine material in regions of
appressed membranes clearly implicates the membrane in determination of wall ornamentation in slime molds. Since this
ornamentation is constant enough to be important as a taxonomic character, it is likely to be genetically determined.
This genetic influence must be exerted by imposition of a preexisting pattern on the membrane in some way. The membrane protruding during spine deposition is the morphological evidence of this influence and gives only a clue to the
total events involved in the process. It also becomes obvious
how reticulate spore markings might be formed. If instead of
wall first being deposited in regions of appressed, protruding membrane, the wall were first laid down in the grooves
formed where the planar sides of the newly cleaved spores
intersect, a reticulum would be created. Such a sequence
needs to be investigated for reticulate spored species.
The spore wall structure in D. iridis does not appear to
differ appreciably from other myxomycete spores. The only
differences appear to be those of degree. Schuster's pictures
of D. nigripes spores ( 1964) are similar to mine of D. iridis.

Figures 10-12. Freeze-etched spores of P. flavicomum. Figure 13. Light micrograph of D. iridis sporangium about 12 hours past
cleavage. Figure 14. Thin section of D. iridis spore 10 hours past cleavage. Figure 10 shows protrusions ( p) on the spore membrane
( sm) a few minutes after cleavage, that is, at the same stage as Figure 9. X 24,000. Figure 11 shows a 12-hour-old spore. The spore
wall ( sw) can be seen to be composed of randomly arranged fibrils. Spines ( sp) show distribution and size similar to that of membrane protrusions in Figure 10. X 24,000. Figure 12 indicates that the membrane ( m) of a mature spore no longer shows the protrusions shown in Figure 10. sw-spore wall. X 24,000. Figure 14 illustrates a portion of one of the microtubule bands ( mb) which
encircle the spore underneath the plasma membrane, beginning when the continuous wall is laid down. n-nucleus. X 33,600. Marker
in Figure 13 equals 100 micrometers.
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Figures 20 and 21. Thin sectioned spore walls of D. iridis. Figure 20, a PASH-stained preparation, without poststain, shows how
much more densely the spines ( sp) stain than the continuous wall. Apparent granularity of spines is due to silver grains and is not
indicative of true structure present. X 78,400. Figure 21. PASH-stained and then poststained with lead citrate. Fibrils are now visible
throughout continuous wall. sp-spine. pm-plasma membrane. X 78,400.

Mims ( 1971, 1972a,b) shows that the spines of Arcyria and
Stemonitis spores also stain darker than the rest of the wall,
and I expect that most myxomycete spores would show this
character when the wall is stained properly. Such spine
staining is also evident in Echinostelium (Haskins, et al.,
1971; Hung and Olive, 1972). Furtado et al. ( 1971) note
two other points. Cavostelium, like Didymium, shows a oneto-one spine correspandence on adjacent spore walls. This
probably means that the spines form in Cavostelium by a
method similar to that described here for Didymium. They
also call attention to smooth scars on the two Cavostelium
spores where the spores were once connecte:l. No such
spore scars have been noted in D. iridis, but they might be
analogous developmentally to reticulations. Haskins et al.

( 1971 ) also imply correspondence of ornamentation on adjacent spores of Echinostelium.
To summarize the wall situation, all species of slime
molds thus far investigated seem to have similar spore wall
structure, the spines being of slightly different composition
than the continuous wall.
Finally, there remains the complex problem of what the
function of the microtubule band might be. I had until
now considered it as a precursor of the meiotic spindle (Aldrich, 1970), much as the preprophase band functions in plant
mitotic apparatus (Pickett-Heaps and Northcote, 1966).
Since it appears 12 hours before the onset of meiosis, this
explanation loses plausibility. Such an early appearance must
be connected with some other cellular function. Since micro-

Figures 15-19. D. iridis spores. Figure shows the microtubule band ( mb) in longitudinal section. Arrow indicates spore wall. X
100,000. Marker equals 0.1 micrometer. Figure 16 shows the microtubule bundle ( mb) in cross section and illustrates how closely
packed the tubules are. X 67,500. Marker equals 0.1 micrometer. Figure 17. Sporangium 2 hours past cleavage, stained with PASH
and then poststained with lead citrate. Spine ( s) is still PASH-positive. Continuous wall ( w) is only moderately so. Continuous wall
at this early stage can be seen to be composed of thin lamellae. Cytoplasm under convoluted plasma membrane is filled with vesicles
( v) which may contain wall material. X 78,400. Figure 18 is a grazing section of a spore at the same stage as Figure 17, showing random fibrillar nature of continuous wall ( w). Spines (arrows) stain darkly and probably appear fibrous because of continuous wall
underneath them in section. X 59,000. Figure 19 shows a spore 24 hours past cleavage to illustrate the mature spore wall. X 19,200.
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tubules clearly play a supportive role in many cells (Newcomb, 1969; Tilney, 1971; Tilney and Porter, 1965), that
possibility might be considered. Myxomycete spores as first
cleaved are polyhedral. Assumption of the globular shape
might depend on their being stretched into the round shape
by these long bands of peripheral cytoplasmic microtubules.
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